Spirulina maxima and Rhodopseudomonas palustris, which are known to be capable of synthesizing poly-/3-hydroxybutyrate (PHB), were grown under different conditions in order to investigate the metabolic significance of PHB synthesis in phototrophic microorganisms. The intracellular concentration of PHB in S. maxima, growing photoautotrophically in batch cultures under either balanced or unbalanced (depletion of nitrogen or phosphorus in the mineral medium) conditions, was below 0.005% of cell dry weight. PHB was synthesized (up to 0.7% of dry weight) only after a prolonged period of N-starvation (although no PHB synthesis occurred when Nstarvation was induced by azaserine addition) or when cells, after the exhaustion of intracellular phosphorus reserves, became P-starved. Under the latter condition, the PHB concentration reached a value of 1.2% of cell dry weight, the same figure reached in the presence of the unCorrespondence to: M. Vincenzini,
Spirulina maxima and Rhodopseudomonas palustris, which are known to be capable of synthesizing poly-/3-hydroxybutyrate (PHB), were grown under different conditions in order to investigate the metabolic significance of PHB synthesis in phototrophic microorganisms. The intracellular concentration of PHB in S. maxima, growing photoautotrophically in batch cultures under either balanced or unbalanced (depletion of nitrogen or phosphorus in the mineral medium) conditions, was below 0.005% of cell dry weight. PHB was synthesized (up to 0.7% of dry weight) only after a prolonged period of N-starvation (although no PHB synthesis occurred when Nstarvation was induced by azaserine addition) or when cells, after the exhaustion of intracellular phosphorus reserves, became P-starved. Under the latter condition, the PHB concentration reached a value of 1.2% of cell dry weight, the same figure reached in the presence of the un- coupler carbonylcyanide-m-chlorophenylhydrazone (CCCP). When photosynthetic activity was enhanced by a sudden shift of the culture to higher light intensity or when S. maxima was grown at 18°C, no PHB synthesis was detectable. Under all the photoautotrophic growth conditions tested, glycogen was much more heavily accumulated than PHB. Batch cultures of R.
palustris, growing photoheterotrophically on acetate with varying nitrogen sources and regimens of nitrogen supplementation, demonstrated that some competition for reducing equivalents exists between nitrogenase activity and PHB biosynthetic pathway. The results seem to suggest that, in phototrophic bacteria able to synthesize both PHB and glycogen, the polyester acts mainly as a regulator of the intracellular reduction charge.
INTRODUCTION
Cyanobacteria and purple non-sulfur bacteria are generally reported to be able to synthesize both poly-/3-hydroxybutyrate (PHB) and glycogen as carbonious storage compounds [1] [2] [3] [4] [5] [6] . However, if in purple non-sulfur bacteria the capability to synthesize the polyester is known to be (a) Our unpublished data.
widespread in all the genera, the few data so far reported on the presence of PHB in photoautotrophically grown cyanobacteria seem to suggest that this polyester is not a common feature of all the cyanobacterial species [4, [7] [8] [9] [10] [11] [12] [13] [14] [15] . The most extensive studies on PHB synthesis in cyanobacteria are on Spirulina [11, 14, 15] , but even though all the species investigated have demonstrated the capability to synthesize the polyester (Table 1) , the metabolic role of PHB in cells growing under photoautotrophic conditions is still unclear. PHB is generally considered a reserve compound synthesizable by bacteria for the storage of energy and/or carbon and, in few instances, as an electron sink for the regulation of the intracellular reduction charge [16] [17] [18] [19] . In those microorganisms that are able to synthesize both PHB and glycogen, and in particular in phototrophic bacteria which have a stringent requirement for energy reserve compounds because they must cope with a fluctuating energy supply due to the natural light-dark cycles, the precise role of PHB is not yet well defined. In this connection, it was previously suggested that in phototrophic microorganisms evolution should have favoured the development of regulatory systems so that the synthesis of energy storage products has a higher priority than the synthesis of other cell components [20] . In order to investigate the role of PHB in phototrophic bacteria, a filamentous cyanobacterium, Spirulina maxima, and a purple non-sulfur bacterium, Rhodopseudomonas palustris, were studied by assaying the effects of those growth conditions that are known to stimulate PHB synthesis in chemotrophs [17, 21, 22] and carbon metabolism in photoautotrophs [23] [24] [25] .
MATERIALS AND METHODS
Spirulina maxima strain SOSA 18 (culture collection of the Centro di Studio dei Microrganismi Autotrofi) was photoautotrophically grown as previously reported [15] . The purity of the cultures was tested following the method of Rippka et al. [26] . When necessary, azaserine (Sigma Chemical Co., USA), an inhibitor of glutamineamine transferases such as glutamate synthetase (GOGAT), or carbonylcyanide-m-chlorophenylhydrazone (CCCP; Sigma Chemical Co., USA), an uncoupler of photophosphorylation [27] , were added to the standard mineral medium to obtain a final concentration of 0.85 mM or 9.8 /xM, respectively. The shift to a higher light irradiance was obtained through a sudden increase in the mean photosynthetic flux density from 50 to 440 /zmol m -2 s -1.
Rhodopseudomonas palustris strain 42 OL (culture collection of the Centro di Studio dei Microrganismi Autotrofi) was photoanaerobically grown in the medium previously described [28] , with the exception that Na acetate 60 mM and NH4C1 (at various concentrations, as indicated in Figure captions ) were used as carbon and nitrogen sources, respectively. Batch cultures were carried out in a fully automated bioreactor (Applikon BV, Netherlands), equipped with a 3-1 glass vessel, and were continuously stirred at 320 rpm. The pH was maintained within a range of 6.8-7.0 by CO: insufflation; illumination was provided by a 1000 W incandescent lamp giving a mean photon flux of 200 /zmol m -2 s -1 at the bioreactor surface; and the temperature was maintained at 30°C. According to the experiment in question, either nitrogen or argon was continuously bubbled into the bioreactor from the bottom of the culture. Inocula for experimental cultures were taken from a stock culture maintained under N2-fixing conditions and diluted every 3 days.
The intracellular concentrations of PHB were determined by high performance liquid chromatography as previously reported [15] ; glycogen and proteins were determined following De Philippis et al. [15] and Lowry et al. [29] , respectively. Acetylene-reducing and hydrogen-producing activities were determined on 10-ml aliquots withdrawn from R. palustris cultures, as previously described [30] .
RESULTS AND DISCUSSION

PHB synthesis in Spirulina maxima
The intracellular concentration of PHB in S. maxima growing under balanced photoautotrophic conditions remained below the analytical detection limit (i.e. < 0.005% of cell dry weight) throughout the cultivation period ( Fig. 1) . Several other cultures previously carried out under the same growth conditions showed highly variable PHB concentration, ranging from values below the analytical detection limit to 0.2% of cell dry weight (data not shown). Three main observations can be drawn from these results: (i) S. maxima is capable of synthesizing PHB also during photoautotrophic growth; (ii) the activation of the PHB biosynthetic pathway is sensitive to very slight variations in culture conditions, but the factors that are able to switch on this process are not yet well understood; (iii) the role of PHB as a reserve compound in cells growing photoautotrophically under balanced conditions seems to be very scant, since the intracellular concentration of the polyester always is very low. On the other hand, a more significant role seems to be played by glycogen, concentrations of which ranged between 6 and 10% of cell dry weight in all the cultures, which tallies nicely with the data so far reported for cyanobacteria growing under balanced photoautotrophic conditions [2, 4, 6] . Nitrogen starvation, induced by transferring the trichomes into a medium devoid of nitrogen source or by adding azaserine to the culture (and thus inhibiting protein synthesis without interfering with nitrate reduction), had no immediate effect on PHB synthesis: under both conditions no traces of the polyester were detected during the first 72 h of culture (Fig. 2) . Some PHB synthesis (up to 0.7% of cell dry weight) was observed only in the culture run in the medium devoid of nitrate and only after a prolonged pe-riod of nitrogen starvation, when reduced photosynthetic activity and a net degradation of phycobiliproteins were observed (data not shown). On the other hand, an immediate and massive response to nitrogen starvation was observed in glycogen synthesis: under both conditions the intracellular amount of the polyglucan quickly reached values of more than 50% of dry weight (Fig. 2) . On the basis of these results one can conclude that the synthesis of PHB is not stimulated by nitrogen starvation even when the reducing equivalents not utilized for the reduction of nitrate are available for other metabolic processes. Only under far from optimal physiological conditions, for example after much prolonged nitrogen starvation, is there some synthesis of PHB, but this effect should not be considered a direct consequence of N-depletion.
The response of S. maxima to the transfer into a medium devoid of a phosphorus source was not immediate: balanced growth, most probably at the expense of the intracellular P reserves, continued during the first 100 h without any accumulation of PHB or glycogen (data not shown). However, as soon as growth ceased (as shown by the complete cessation of chlorophyll a synthesis), a significant accumulation of PHB was observed, and in a few hours its concentration increased to 1.2% of cell dry weight (Fig. 3) . During the same culture period, glycogen was actively synthesized, reaching an intracellular concentration of 20.3% of dry weight (Fig. 3) . The significant PHB synthesis observed under P-starvation could be ascribed to a reduction of the intraceilular pool of ATP triggered, as Bottomley and Stewart [31] and Konopka and Schnur [32] suggested, when phosphorus is lacking in the culture medium. Hence, it appears that under P-starvation the balanced formation of ATP and NADPH from photosynthesis is altered so that reducing power could accumulate and thus promote the synthesis of PHB. In order to determine whether or not the unbalancement between phosphorylation and NADP reduction through photosynthetic electron flow actually stimulates PHB synthesis, the uncoupler CCCP was added to the standard mineral medium. Under these conditions, the intracellular PHB content quickly increased to 1.2% of dry weight (Fig. 4) , while glycogen remained within a range of 5-7.5%. The synthesis of PHB in S. maxima seems, therefore, to be stimulated by those conditions that favour the accumulation of excess reducing power. On the other hand, when photosynthetic activity and carbon metabolism were simultaneously stimulated by a sudden shift of the culture to higher light intensities, no PHB synthesis was detected over the entire cultivation period (Fig. 5) . In the same period the intracellular glycogen concentration quickly rose to a value of 34% of dry weight. When cells became adapted to the new light conditions, the concentration fell to values typical of the strain during balanced growth. Finally, no PHB synthesis was observed during growth run at 18°C, a value well below the optimum for the strain (Fig. 5) . At this low temperature, S. maxima grew slowly showing, as already observed in S. platensis [23] , an active synthesis of glycogen: after 72 h of growth, the intracellular concentration of the polymer reached values of about 27% of dry weight.
The main conclusion that can be drawn from the results described above is that in S. maxima the synthesis of PHB is stimulated only by those conditions (P-starvation and presence of CCCP) that, inducing an imbalance in the formation of ATP and NADPH from photosynthesis, generate an excess of reducing power. On the other hand, it is well known that the accumulation of reduced pyridine nucleotides favours the synthesis of PHB in heterotrophs by inducing an increase in the intracellular concentration of acetyl-CoA [1, 17, 21, 22, [33] [34] [35] [36] . However, it is to be noted that even under conditions favourable to PHB synthesis S. maxima never accumulated the polyester to concentrations as high as those found in heterotrophs, glycogen being always the carbonious compound preferentially accumulated. Consequently this polymer, and not PHB, must be regarded as the true energy and/or carbon reserve in this organism. This statement is strongly substantiated by a number of considerations concerning the benefits cyanobacteria can obtain from the catabolism of either glycogen or PHB. The polyglucan is generally degraded via the oxidative pentose phosphate pathway to yield both ATP and reducing power [2, 37] , whereas PHB degradation originates only reduced pyridine nucleotides and acetyl-CoA. This coenzyme cannot be efficiently oxidized to yield significant ATP because in cyanobacteria the tricarboxylic acid cycle is interrupted at the level of ct-ketoglutarate oxidation [2] and the enzymes of the glyoxylate shunt usually exhibit very low levels of activity [38, 39] . Moreover, only few cell constituents can be synthesized from acetyl-CoA. The preferential synthesis of glycogen seems therefore to confirm Mur's suggestion [20] that, in phototrophs, the synthesis of energy storage compounds has a higher priority than that of other cell constituents. Consequently, the function of PHB in cyanobacteria seems to be restricted to the removal and regulation of excess reducing power, and thus to a protective role similar to that proposed in relation to other non-photosynthetic microorganisms [17, 19, 40] .
PHB synthesis in Rhodopseudomonas palustris
The PHB content of Rhodopseudomonas palustris during its diazotrophic growth on acetate in the light ranged from 0.3 to 1.1% of cell dry weight. As shown in Fig. 6 , the intracellular PHB concentration showed an initial decrease (from 1.1% to 0.3%), but as soon as growth rate decreased, the polymer content increased again up to 1.1% of cell dry weight. In the same period the intracellular glycogen content ranged between 4 and 13% of dry weight. When R. palustris was grown on ammonium as nitrogen source, the intracellular PHB content was only slightly lower than that encountered under N2-fixing conditions. The polymer content of the cells diminished during the first 50 h and then remained almost constant at a value of 0.7% of dry weight (Fig. 7) . The glycogen content of cells quickly diminished in the first hours after the inoculation then increased to a concentration of about 7%. Apart from the significant difference in the efficiency of substrate utilization (growth yields of 0.44 and 0.75 g of cell dry weight per g of acetate consumed were achieved on N 2 and NHaCI, respectively), these results demonstrate that the type of nitrogen source does not cause any significant variation in the intracellular concentration of PHB. On the contrary, the type of nitrogen source was found to cause significant differences in PHB synthesis in cells exposed to nitrogen starvation after a period of growth on either N 2 or NH4C1. When this condition was established in a diazotrophically growing culture by changing the atmosphere from N 2 to Ar, the cells, which possess fully active nitrogenase, began to produce large amounts of molecular hydrogen, but no effect on PHB synthesis was observed over a period of two-three days (data not shown). When nitrogen starvation arose in a culture grown on ammonium in an atmosphere of argon protein synthesis suddenly ceased, while a significant PHB accumulation took place, reaching a value of 8.8% of dry weight 12 h after the exhaustion of ammonium (Fig. 8) . Thereafter a slight decrease in the intracellular concentration of PHB to about 7% of dry weight was observed in concomitance with the onset of a significant nitrogenase-dependent hydrogen-producing activity. A new addition of ammonium to this culture caused a marked reduction in the intracellular PHB content and within few hours the polymer reached the same concentration as that found at the beginning of growth. As soon as ammonium was again exhausted PHB accumulation was again stimulated (Fig. 8) . In an atmosphere of N 2 the exhaustion of ammonium had the same stimulatory effect on PHB synthesis as that observed under Ar. As may be seen in Fig. 9 , PHB accumulation after ammonium exhaustion occurred until protein synthesis and nitrogenase activity were undetectable. However, once balanced growth was again possible owing to the activation of nitrogenase and to the presence of N 2 in the gas phase, PHB concentra- 193 croorganisms such as Spirulina maxima and Rhodopseudomonas palustris seems to be that of an intracellular reserve for reducing power. Indeed, in both phototrophic bacteria glycogen is always more heavily accumulated than PHB, the synthesis of the polyester being stimulated when reducing equivalents are possibly in excess, or quickly interrupted or hindered when balanced growth is permitted. From this point of view, PHB seems to act as a buffer system capable of regulating the intracellular redox balance.
tion decreased. With a second addition of ammonium the phenomenon was fully reproduced (Fig.  9) . The intracellular concentration of glycogen did not show significant changes throughout the culture period under Ar or N 2 ( Figs. 8 and 9 ). The results demonstrate that during the transitions from photoheterotrophic growth on ammonium to nitrogen starvation or to N2-fixing conditions R. palustris actively accumulates PHB until cells have synthesized nitrogenase with the polyester quickly degraded as soon as the enzyme activity is fully expressed. Under the experimental conditions tested, the accumulation of PHB seems to act as a mechanism for scavenging reducing equivalents, possibly formed in excess as a consequence of substrate oxidation in the absence of growth. Taking into account that nitrogen starvation does not affect PHB synthesis in cells growing with an active nitrogenase, one can postulate the existence of strong competition for reducing equivalents between nitrogenase activity and PHB biosynthetic pathway.
CONCLUDING REMARKS
On the basis of the results described above the main role played by PHB in phototrophic mi-
